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Spin-orbit coupling (SOC) is a key interaction in spintronics, allowing an electrical control 
of spin or magnetization and, vice versa, a magnetic control of electrical current. However, 
recent advances have revealed much broader implications of SOC that is also central to 
the design of topological states, including topological insulators, skyrmions, and Majorana 
fermions, or to overcome the exclusion of two-dimensional ferro-magnetism expected 
from the Mermin-Wagner theorem. SOC and the resulting emergent interfacial spin-orbit 
fields are simply realized in junctions through structural inversion asymmetry, while the 
anisotropy in magnetoresistance (MR) allows for their experimental detection. 
Surprisingly, we demonstrate that an all-epitaxial ferromagnet/ MgO/metal junction with 
only a negligible MR anisotropy undergoes a remarkable transformation below the 
superconducting transition temperature of the metal. The superconducting junction has a 
three orders of magnitude higher MR anisotropy and supports the formation of spin-triplet 
superconductivity, crucial for superconducting spintronics, and topologically-protected 
quantum computing. Our findings call for revisiting the role of SOC in other systems 
which, even when it seems negligible in the normal state, could have a profound influence 
on the superconducting response. 
 
   For over 150 years magnetoresistive effects have provided attractive platforms to study 
spin-dependent phenomena and enable key spintronic applications [1]. Primarily, 
spintronics relies on junctions with at least two ferromagnetic layers to provide sufficiently 
large magnetoresistance (MR). Record room-temperature MR and commercial 
applications employ junctions of common ferromagnets, such as Co and Fe with MgO 
tunnel barrier [2,3]. Alternatively, MR occurs in single ferromagnetic layers with an 
interplay of interfacial spin-orbit coupling (SOC). However, in metallic systems this 
phenomenon, known as the tunneling anisotropic MR (TAMR) [4], is typically < 1% and 
precludes practical applications. Here we show experimentally that a negligible MR in an 
all-epitaxial ferromagnet/MgO/metal junction is drastically enhanced below the 
superconducting transition temperature of the metal. We explain this peculiar behavior 
with the role of the interfacial SOC in the formation of spin-triplet superconductivity which 
can enable low-power superconducting spintronics [5-7] and topologically-protected 
quantum computing [8,9].  
   The quest for spin-triplet superconductivity in ferromagnet/superconductor (F/S) 
junctions was initially motivated by the long-range proximity effects to overcome the usual 
competition between superconductivity and ferromagnetism since spin-singlet super-
conductivity is strongly suppressed by the exchange field [9-11]. Such long-range triplet 
(LRT), with length scales expected only for normal metal (N)/S junctions, supports 
dissipationless spin currents important for emerging applications in superconducting 
spintronics [5-7,13-15]. More recently, LRT has been sought to realize elusive Majorana 
fermions and enable topologically-protected quantum computing [8,9,16].   
 
   Unlike the common expectation that LRT requires complex F multilayers, typically 
relying on noncollinear/spiral magnetization (M) [10,11,17] or half metals [5,18,19], we 
demonstrate that a collinear M in a single F layer supports LRT since it is accompanied 
by intrinsic interfacial spin-orbit coupling (SOC) that mixes spin-singlet and spin-triplet 
pairing [20-22]. In an all-epitaxial F/Insulator/S (F/I/S) junction, we realize robust LRT and 
a versatile building block for superconducting spintronics which is compatible with 
commercial spintronics based on widely used Fe/MgO junctions [2,3,23]. We focus on 
two types of junctions, shown in Fig. 1(a). (i) F/I/S: Fe(100)/MgO(100)/V(100) and (ii) 
                                 
FIG. 1.  Junction geometry, electronic structure, and Andreev reflection. (a) Schematic of Fe/MgO/V and 
FeCo/MgO/Fe/MgO/V junctions.  is the angle between the magnetization, M, and the interface normal. 
(b) First-principles electronic structure calculations illustrate the orbital symmetry-controlled tunneling 
across Fe/MgO/V junctions without (with) spin-orbit coupling in the upper (lower) panel, where 1,…5  
are different orbital symmetries. (c) Andreev reflection at the Fe/ MgO/V interface without (with) spin-flip 
scattering in the upper (lower) panel. The arrows denote the spin direction of the electrons (e-) and holes 
(h+), black circles mark the resulting formation of Cooper pairs. 
F/I/F/I/S: FeCo/MgO(100)/Fe(100)/MgO(100)/V(100), where Vanadium (V) becomes 
superconductor below the critical temperature, TC=4 K, while in the latter case 
magnetically hard (FeCo) and soft (Fe) regions provide a versatile control of the M-
orientation. These systems illustrate the concept of proximitized materials [24] to design 
emergent properties, absent in any constituent region of the considered junctions. 
 
   The normal state transport of these epitaxial junctions, with crystalline MgO and the 
conserved wave vector parallel to the interfaces, kII, can be understood from the orbital 
symmetry-controlled tunneling [25] across Fe/MgO/V shown in Fig. 1(b), obtained using 
full potential calculations in WIEN2k code [26]. Having in view the thickness of the MgO 
barrier, the main contribution to the tunneling comes from normal incidence at the kII=0 
( point). Our ab-initio calculations show that at the Fermi level, EF, the electron states 
are dominated by different orbital symmetries, 1 in Fe and 2 in V which, in the absence 
of SOC, would yield zero low-bias conductance across the MgO(100). Experimentally, in 
Fe/MgO/V such conductance does not vanish, but is about 102 times smaller than control 
samples Fe/MgO/CoFe and Fe/MgO/Au with similar barrier quality and thickness, as well 
as similar lateral sizes. This finite low-bias conductance is consistent with the interfacial 
SOC and the structural inversion asymmetry of a junction [1,4], responsible for the change 
of symmetry across the MgO by relaxing the symmetry-selection rules.   
 
   The magnetic tunnel junctions (MTJ) multilayer stacks have been grown by molecular 
beam epitaxy (MBE) on (100) MgO single crystal substrates in a chamber with a base 
pressure of 5*10-11 mbar following the procedure described in Ref. 27. First, a 10 nm thick 
seed MgO anti-diffusion underlayer was grown on the substrate to trap the residual C. 
Then, Fe (or V) bottom electrodes are deposited at room temperature and further 
annealed for flattening at T>500 C. The choice of the temperature and annealing time 
was monitored by RHEED pattern analysis. Then MgO insulating barrier layer was 
epitaxially grown by e-beam evaporation with 2 nm thickness, precisely controlled at sub-
monolayer scale, by in-situ RHEED intensity analysis. This MgO thickness is in the 
asymptotic transport regime [28], where the orbital symmetry filtering across the barrier 
leads to a main contribution to the kII=0 tunneling. The epitaxial growth sequence is 
continued for all the other layers, leading to the single crystal MTJ stacks in which 
crystalline symmetry across the stack ensures the symmetry and kII conservation of the 
Bloch electron function, allowing a very good agreement between the theory and 
experiment. After the MBE growth, all the MTJ multilayer stacks are patterned in 
micrometer-sized square junctions by UV lithography and Ar ion etching, controlled step-
by-step in-situ by Auger spectroscopy. Details of conductance measurements and the 
vector magnetic field control are in Refs. 23, 29. A unique feature of our devices is the 
control of the remanent M direction of the magnetically soft electrode interfacing S. Such 
a control is possible due to presence of competing perpendicular and in-plane magnetic 
anisotropies in 10 nm thick epitaxial Fe layers interfacing MgO [29].  
 
   The transport in the superconducting state is distinguished by the Andreev reflection, 
providing the microscopic mechanism for proximity-induced superconductivity [1,10,11]. 
During conventional Andreev reflection shown in Fig. 1(c) (upper panel), an electron is 
reflected backwards and converted into a hole with opposite charge and spin. This implies 
the doubling of the normal state conductance [30] since two electrons are transferred 
across the interface into the S region where they form a spin-singlet Cooper pair. In 
contrast, a spin-active interface with interfacial spin-flip scattering also yields Andreev 
reflection with an equal spin of electrons and holes [31], responsible for a spin-triplet 
Cooper pair shown in Fig. 1(c) (lower panel), and thus supporting LRT.                           
 
   While the bias-dependent conductance, G(V), can indicate the presence of interfacial 
SOC, similar G(V) also arise from the k-independent interfacial spin-flip scattering [23,32] 
due to local exchange coupling. Instead, a unique fingerprint of interfacial SOC is the 
magnetic anisotropy of G(V). Within the normal state, T>TC or, equivalently, for bias 
above the superconducting gap V>>the tunneling anisotropic magnetoresistance 
(TAMR) in F/I/N junctions can reveal such SOC through M-dependent G [4]. This can be 
seen in Fig. 2, which shows a reduction of the four-fold C4V symmetry of the Fe(100) 
surface to the two-fold C2V symmetry, characteristic for the emergent interfacial SOC [4]. 
However, the magnitude of the observed TAMR=[(G(00)-G(900)])/G(900)~0.01%, with 
G( the angle-dependent conductance, while reproducible, is too small for any practical 
use. 
 
   Motivated by the prediction that MR can be enhanced in the superconducting state [22], 
we measure in the same junction the resulting F/I/S conductance anisotropy, shown in 
Fig. 3(a) for T=0.3 K (T/TC=0.07). Remarkably, compared to Fig. 2, there is a huge 
increase in the observed anisotropy, seemingly inconsistent with only a very small 
interfacial SOC responsible for TAMR. To reconcile such an increase in magnetic 
anisotropy it is useful to recognize the sensitivity of Andreev reflection to interfacial SOC 
                  
             
 
FIG. 2. Angular dependence of conductance for an out-of-plane rotation of magnetization. The 
conductance is measured for magnetization at polar angle  normal to the interface at T=0.3 K and 
applied bias V=+50 mV (a) and V=-50 mV (b), and applied fields H=1 kOe and 2 kOe. Since the voltage 
greatly exceeds  mV for Vanadium, the resulting magnetic anisotropy can be used to extract the 
magnitude of normal state TAMR ~ 0.01% and 0.02 % for H=1 kOe and 2 kOe, respectively.  
 
for a highly spin-polarized ferromagnet [1]. In the limiting case of a complete spin-
polarization with the absence of minority spins no conventional Andreev reflection (Fig. 
1(c)) is expected and thus G(V<)=. However, with interfacial SOC, a spin-flip (equal 
spin, see Fig. 1(c)) Andreev reflection is possible, supporting the triplet superconductivity.   
 
   Orbital symmetry-controlled tunneling indeed turns Fe/MgO into a source of highly spin-
polarized carriers [1,2], while the structural inversion asymmetry in Fe/MgO/V junction 
leads to an interfacial Rashba SOC [1,4] with the field wR=(ky,-kx), where  is the 
Rashba SOC parameter and kII=(kx,ky) the in-plane wave vector. The corresponding out-
of-plane magnetoanisotropic Andreev reflection (MAAR) [22], shown in Fig. 3(b), is 
defined as (see Supplementary Material Ref. [32] which compares TAMR and MAAR), 
     MAAR()=[G(0)-G()]/G()],  (1) 
where  is the angle with the interface normal. A further support for the interfacial SOC 
comes from G(0) in Fig. 3(c): its suppression expected for a highly-spin polarized (~70%) 
 
FIG. 3. Conductance and magnetoanisotropic Andreev reflection (MAAR). (a) Out-of-plane zero bias 
conductance anisotropy at T=0.3 K, H=0.5 kOe (blue dots) and H=2 kOe (red dots), compared to our 
phenomenological model including magnetic field effects (solid lines) with fitting parameters (see text) 
G0=6.0069 μS, A=0.283 μS, and B=0.000192 μS. (b) The same for out-of-plane MAAR. (c) Typical 
low-field conductance in Fe/MgO/V junctions at H=0 Oe,  below and above Tc. (d) Evolution of the zero 
bias conductance with in-plane and out-of-plane H. The two remanent perpendicularly oriented 
magnetic states (black arrows) with different G(0) confirm MAAR at H=0 of ~17%.  
 
Fe/MgO interface [1] is rather small, as compared with G(V>>) pointing to 
unconventional Andreev reflection as the main contribution to G(0). For V>>shot noise 
measurements [32] confirm electron tunneling, excluding the presence of pinholes as the 
origin of a relatively high G(0).     
 
   Although the measured MAAR and its relation to the interfacial SOC appear to be in 
qualitative agreement with previous theoretical predictions [23], sizable magnetic field 
effects result in a large discrepancy with respect to the magnitude and angular-
dependence of the MAAR [32]. In F/I/S junctions the rotation of M in a finite magnetic 
field, H, generally yields two additional effects which were previously not considered [23]: 
orbital contributions and H-dependent suppression of superconductivity. The orbital 
effects are related to the Lorentz force and cyclotron orbits which we include 
phenomenologically [4] by shifting the initial kII in the reflection probability and the SOC 
field, resulting in the conductance [32],  
              Gj(V,H)=G0j +Gj(1-cos2),        (2) 
separated into SOC independent (dependent) G0j (Gj) part, with Gj=g1jH+g2j2, where 
g1,2j are real and SOC independent coefficients, while index j=N,S labels the normal, 
superconducting channels. Applied H also leads to vortex formation and a gradual 
suppression of superconductivity, destroyed at H=HC which, for a thin V film is anisotropic: 
Hc,=3.5 kOe and Hc,II=12 kOe [32]. Considering the range of applied H, the dominant 
superconductivity suppression is along the perpendicular direction, we introduce a 
dimensionless field h=H/Hc,and model the total G as a contribution of the two channels 
G(V,h)=h|cosGN +(1-h|cosGS which yields out-of-plane MAAR, 
               MAAR(h)=[G0h(1-|t|)-2G(1+h|t|)(1-t2)]/[G0+2G1-t2)](1+h|t|),    (3) 
for V=0 where we use  t=cos assume GN=2GS  from Fig. 3(c)and omit index SFrom 
data G() at H=0.5 kOe, 2 kOe we first determine G0 at and fit the two parameters 
A=g1Hc,and B=g22, under the constraint B>0. This gives G0>>G as well as good 
agreement with Figs. 3(a) and (b) (solid lines), corroborating the role of interfacial SOC 
on the giant MAAR of ~20% (~60%) at 0.5 kOe (2kOe) [32].
 
   An ultimate test to rule out any H-dependent effects and identify the lower bound of 
MAAR is to perform remanent measurements in the absence of H-field. While such a goal 
to realize multiple M-orientation, stable at H=0, is impossible in typical F/I/S junctions, a 
unique feature in the design of our structures are their multiple nonvolatile states, depicted 
in Fig. 3(d), resulting from the competing perpendicular and in-plane anisotropy [29]. We 
first applied and removed saturation field of about 4 kOe in the required direction. In the 
second stage, the field dependences of the zero bias conductance have been measured 
by departing from those different remanent states. The corresponding measurements of 
G(00) and G(900) at V=0 confirms not only the giant increase in the magnetic anisotropy 
of the superconducting state with the MAAR of ~17%, but also the utility of the all-epitaxial 
Fe/MgO platform for superconducting spintronics and realizing triplet superconductivity. 
The above fitting is consistent with the H=0 limit.  
   
   The nonvolatile control of M and modifications of superconductivity can be extended in 
F/I/F/I/S junctions. Results from Fig. 4 support LRT [33] and show peculiar trends that 
could motivate further theoretical studies of interfacial SOC in all-epitaxial junctions. 
Observed conductance anomalies above the gap are sensitive to the relative M-
orientation while their temperature decay suggests unconventional pairing and LRT. 
Unlike the expected weakest suppression of spin-singlet superconductivity with 
antiparallel M [10], the amplitude of conductance anomalies in the antiparallel 
configuration suppressed for all T<TC, as compared to the other two M-orientations. 
 
   A common requirement to realize SOC-driven emergent phenomena, from topological 
insulators, Majorana fermions, and LRT is typically SOC that is already inherently strong 
in the normal state, for example, implemented with heavy elements and in narrow-band 
semiconductors [8,9,16,34]. In contrast, the platform we have studied reveals a peculiar 
superconducting behavior even when a rather weak SOC in the normal state leads to a 
negligible magnetic anisotropy. We expect that revisiting Fe/MgO-based junctions, widely 
used in commercial spintronic applications, will provide an opportunity to use multiple 
proximity effects: spin-orbit, magnetic, and superconducting, to transform a large class of 
materials and realize unexplored phenomena [24]. With demonstrated novolatile control 
of MTJs, their array could also enable a versatile manipulation of Majorana fermions and 
two-dimensional topological superconductivity [8,16,35].  
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FIG. 4. Conductance characterization of F/I/F/I/S junctions at remanence.  (a) Bias dependence of the 
conductance normalized by its above the gap value at V=5 mV and T=0.3 K for parallel (P) and antiparallel 
(AP) M-orientation (black arrows), G denotes above the gap largest conductance anomalies. Inset: the 
variation of the normalized largest G (observed around -15 mV) with the M-orientation, P, AP, 
perpendicular out-of-plane (POP), and perpendicular in plane (PIP). Top F region is magnetically hard 
(FeCo) and the bottom (Fe) is soft. (b) The temperature dependence of the amplitude of the strongest 
conductance anomaly for different magnetic states POP, PIP, and AP.  
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A. Comparison between TAMR and MAAR
Tunneling anisotropic magnetoresistance (TAMR) and
magnetoanisotropic Andreev reflection (MAAR) provide
important information about the anisotropy of the trans-
port properties in the normal and superconducting state,
respectively (see the main text). They have the same
functional form that can be expressed in terms of the
angle-dependent conductance in the normal and super-
conducting state,1
TAMR (MAAR) =
G(0)−G(θ)
G(θ)
, (1)
where the angle θ is measured between the magnetiza-
tion, M, and the interface normal of the junction, such
that an out-of-plane rotation of M is experimentally con-
sidered.
To provide a direct comparison of the TAMR and
MAAR, which for the same sample have several or-
ders of magnitude different amplitudes, we show their
logarithmic plots and exclude the θ = 0 results (to
avoid a diverging logarithm). The corresponding re-
sults are shown in Fig. 1 for an all-epitaxial ferromag-
net/insulator/superconductor (F/I/S) Fe/MgO/V junc-
tion, depicted in Fig. 1 of the main text. The distinction
between the normal and superconducting state, and thus
between the TAMR and MAAR, is realized by changing
the applied bias, V : above the superconducting gap of
Vanadium . 2 meV (V  ∆) for TAMR and V = 0 for
MAAR, while the sample temperature T = 0.3 K and
applied magnetic field H = 2 kOe are kept fixed.
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FIG. 1: A comparison between TAMR and MAAR. Measure-
ments were performed at temperature T = 0.3 K and an ap-
plied bias of V = 50 mV (TAMR) and 0 mV (MAAR) with an
applied magnetic field H = 2 kOe. The vanishing TAMR and
MAAR for the angle θ = 0 are excluded to avoid a diverging
logarithm.
B. Shot noise characterization of barrier quality
The shot noise is an intrinsic quantum property arising
from the discreteness of the charge carriers2. It is conve-
nient to express its dimensionless form as a Fano factor,
noise-to-current ratio, since it can attain universal values
that are independent of the details of the system3,4. Such
a Fano factor is used to characterize magnetic tunnel
junctions (MTJs) and the corresponding tunneling mag-
netoresistance (TMR) since it depends on the relative ori-
entation of the magnetization in different ferromagnets3.
For example, for MTJs with a single barrier region the
Fano factor approaches one in the tunneling limit3,4. The
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FIG. 2: Bias dependence of the Fano factor for F/I/S and
F/I/F/I/S junction in the P state (H = 2 kOe) and AP state
(H = 0.3 kOe) measured at T = 0.3 K for bias exceeding the
superconducting gap (∆ . 2 meV).
observation of such a value in Fig. 2 indicates direct tun-
neling through a pinhole free barrier. With two possible
magnetic states in double barrier F/I/F/I/S junctions,
the expected shot noise is evaluated using a model of
sequential tunneling4,5. The influence of resonant tun-
neling is not included. The measured Fano factor for
the parallel (P) and antiparallel AP magnetic configu-
rations could be used to calculate the TMR ratio. The
corresponding value shows a good agreement with the
measured TMR (in the limit of strong spin relaxation).
Following the calculation of shot noise in the presence
of spin relaxation5, the Fano factor is given by
F =
R2↑R2↓(R1↑ +R1↓)2 +R1↑R1↓(R2↑ +R2↓)2
[R1↑R1↓(R2↑ +R2↓) +R2↑R2↓(R1↑ +R1↓)]2
, (2)
where R is the partial resistance of each of the two bar-
riers (indices 1,2) and of each of the spin directions (up
↑ and down ↓). For F/I/F/I/S junction the two barriers
separate different systems. The normal state resistance
of F/I/S system (for V > ∆), RFIS is largely indepen-
dent of the relative magnetic configuration of the two
F electrodes. This is in contrast to the F/I/F system
which has different resistances for P and AP configura-
tions, RP,APFIF . By defining αP,AP = R
P,AP
FIF /RFIS , the
total resistance of the F/I/F/I/S can be expressed as
RT = RFIF +RFIS = (αP,AP + 1)RFIS . (3)
With this notation, the Fano factor is given by
FP,AP = (1 + α
2
P,AP )/(1 + αP,AP )
2, (4)
while the expression for TMR is
TMR = (αAP − αP )/(1 + αP ). (5)
By using measured Fano factors in Fig. 2 averaged over
bias with FP = 0.94±0.1 and FAP = 0.58±0.1, we obtain
F/I/F/I/S TMR of about 40% which is consistent with
the TMR measured from the corresponding P and AP
conductance, thus further corroborating tunneling with-
out pinholes in our junctions.
C. Model of F/I/S structures in the presence of
spin-orbit coupling and external magnetic field
To model the F/I/S junction with interfacial spin-orbit
coupling (SOC), where the F (S) region is semi-infinite
at z < 0 (z > 0), we use a generalized BTK formalism1
and solve the Bogoliubov-de Gennes equation6 for quasi-
particle states Ψ(r) with energy E,(
Hˆe ∆ˆ
∆ˆ† Hˆh
)
Ψ(r) = EΨ(r), (6)
where the single-particle Hamiltonian for electrons is
Hˆe = −(~2/2)∇ [1/m(z)]∇ − µ(z) − (∆xc/2)θ(−z)m ·
σˆ+(V0d+w ·σˆ)δ(z) and for holes Hˆh = −σˆyHˆ∗e σˆy. They
contain the effective mass m(z), the chemical potential
µ(z), and the exchange spin splitting ∆xc. The unit mag-
netization vector in the xz-plane is m = (sin θ, 0, cos θ)
and σˆ are Pauli matrices. The s-wave superconductor V
is modeled by the pair potential ∆ˆ = ∆θ(z)12×2 with the
isotropic gap ∆. At z = 0 we assume a flat interface at
which we account for the insulating MgO layer by includ-
ing a delta-like potential barrier V0dδ(z), with effective
height V0 and width d. Since the built-in electric field
due to structure inversion asymmetry inducing Rashba
SOC is largest at interfaces, the Rashba SOC field7,9
wR = (αky,−αkx), (7)
is also considered to be delta-like. Due to the conserva-
tion of in-plane wave vector k||, we can write Ψσ(r) =
Ψσ(z)e
ik||r|| . We find the solution in the F layer for in-
coming electrons with spin σ
ΨFσ =
1√
keσ
eik
e
σzχeσ + r
e
σ,σe
−ikeσzχeσ + r
e
σ,−σe
−ike−σzχe−σ
+rhσ,−σe
ikh−σzχh−σ + r
h
σ,σe
ikhσzχhσ, (8)
with electron-like χeσ = (χσ, 0)
T
and hole-like χhσ =
(0, χ−σ)
T
spinors, where
χTσ =
(
σ
√
1 + σ cos θ,
√
1− σ cos θ
)
/
√
2 (9)
and σ = 1(−1) corresponds to the spin paral-
lel (antiparallel) to mˆ. The electron-like (hole-
like) wave vectors in the F region are k
e(h)
σ =√
k2F + 2mF /~2 [(−)E + σ∆xc/2]− k2||. The supercon-
ducting scattering states are
2
ΨSσ = t
e
σ,σe
iqez
u0v
0
+ teσ,−σeiqez
0u0
v

+ thσ,σe
−iqhz
v0u
0
+ thσ,−σe−iqhz
0v0
u
 , (10)
with superconducting coherence factors u2 = 1 − v2 =(
1 +
√
E2 −∆2/|E|) /2. The wave vectors are given
by qe(h) =
√
q2F + (−)2mS/~2
√
E2 −∆2 − k2||. Applying
charge current conservation we compute the differential
conductance at zero temperature
G(V, θ) =
e2A
(2pi)2h
∑
σ
∫
d2k‖
[
1 +Rhσ(−eV )−Reσ(eV )
]
.(11)
Here the probability amplitudes in the F region,
R
e(h)
σ (E,k‖) = Re
(
k
e(h)
σ
∣∣∣re(h)σ,σ ∣∣∣2 + ke(h)−σ ∣∣∣re(h)σ,−σ∣∣∣2), con-
tain the scattering coefficients for specular and Andreev
reflection with and without spin flip, A is the interfacial
area, and we use Andreev approximation keσ = k
h
σ .
8
To describe the Fe/MgO/V junction we use the Fermi
wave vectors kF = qF = 0.805× 108 cm−1 for Fe and V,
respectively. The effective masses are mFe = mV = m0
with m0 the free electron mass. The spin polariza-
tion of Fe is given by P = (∆xc/2) /µFe = 0.7, where
µFe = ~2k2F /(2mFe). The gap for V is ∆ = 1.6 meV.
The barrier height is V0 = 1.47 eV, width d = 1.7 nm
and the SOC parameter α is used in fitting. From the
boundary conditions ensuring probability conservation
ΨFσ
∣∣
z=0− = Ψ
S
σ
∣∣
z=0+
, (12)
~2
2mS
d
dz
η ΨSσ
∣∣
z=0+
=
(
w · σˆ 0
0 −w · σˆ
)
ΨFσ
∣∣
z=0−
+
(
~2
2mF
d
dz
+ V0d
)
η ΨFσ
∣∣
z=0− , (13)
with
η =
(
12×2 0
0 −12×2
)
, (14)
scattering coefficients are obtained numerically to give
the resulting conductance by performing the integration
in Eq. (11). For a low bias |eV | < ∆ quasiparticle trans-
mission is prohibited and we get from probability current
conservation Reσ(eV ) = 1−Rhσ(eV ), which leads to
G(V, θ) =
e2A
(2pi)2h
∑
σ
∫
d2k‖
[
2Rhσ(eV )
]
. (15)
Thus, zero bias conductance depends only on the proba-
bility amplitude of Andreev reflection.
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FIG. 3: (a) Out-of-plane zero bias conductance anisotropy
measured at T = 0.3 K applying field of H = 0.5 kOe (blue
dots) and H = 2 kOe (red dots) compared to (i) fits from the
extended BTK model with H = 0 and α = 53.6 eVA2 (black
line) and (ii) the phenomenological model including magnetic
field effects (red and blue lines). (b) The same for the angular
dependence of out-of-plane MAAR.
The calculated angular dependence of G and MAAR
are presented in Figs. 3a and b, respectively. We used
the SOC parameter α in Eq. (7) as fitting parameter
and realistic model parameters. To get more insight into
the physical mechanisms behind the angular dependence
of G and MAAR we consider a simple phenomenologi-
cal model which was developed earlier for TAMR9,10 and
also applied to MAAR1. The model is based on general
symmetry arguments. It identifies two preferential direc-
tions in the system for given k‖, namely m and w(k‖).
Therefore, a scalar quantity as the Andreev reflection
probability can be expanded in powers of m ·w(k‖). Up
to second order in SOC we get for the conductance
G(V, θ) = e
2A
(2pi)2h
∑
σ
∫
d2k‖2
[
R
h,(0)
σ (eV ) (16)
+R
h,(1)
σ (eV )
[
m ·w(k‖)
]
+R
h,(2)
σ (eV )
[
m ·w(k‖)
]2]
.
The linear term vanishes after integration due to
w(k‖) = −w(−k‖) and with Eq. (7) we obtain
G(V, θ) = G0 + g2α
2(1− cos2θ), (17)
which contains the SOC independent conductance G0 =
e2A/(2pi)2/h
∑
σ
∫
d2k‖2R
h,(0)
σ (eV ) and the SOC de-
pendent part with the expansion coefficient g2 =
e2A/(2pi)2/h
∑
σ
∫
d2k‖R
h,(2)
σ (eV )k2y. For the MAAR we
get
MAAR(θ) =
g2α
2(cos2θ − 1)
G0 − g2α2(cos2θ − 1) . (18)
Focusing on the angular dependence of the MAAR in
Fig. 3b we observe a clear discrepancy between theory
(black line) and experiment. From the result of the phe-
nomenological model we see that the agreement is im-
proved if g2α
2 is large enough and not negligible com-
pared to G0 in the denominator of Eq. (18). However,
from fitting the full model that we do not reach this sit-
uation even with large SOC parameters. Instead it gives
g2α
2  G0 and MAAR(θ) ≈ g2α2/G0(cos2θ− 1) for the
angular dependence. The reason for the deviation of the
3
model from the experimental results is that so far we
neglected the applied magnetic field to rotate the mag-
netization in the xz-plane. There are two related effects:
(i) orbital effects on the charge carriers and (ii) the sup-
pression of superconductivity due to creation of vortices.
We first discuss orbital effects. We assumed that the
radius of the cyclotron orbits, on which charge carri-
ers are forced by a magnetic field perpendicular to their
propagation direction, is much smaller than the width
of the MgO tunnel barrier so that we can neglect effects
from the external magnetic field. For a cyclotron orbit
comparable to the barrier width of d ≈ 2 nm a magnetic
flux density of B ≈ 500 T is needed. By applying H = 1
kOe, this is reached for a relative permeability µr ≈ 5000
since B ≈ µr0.1 T. Thefore for Fe-based tunnel junctions
the orbits can reach a comparable radius to the barrier
width in the present external magnetic fields from 0.5−2
kOe and magnetic field effects should be taken into ac-
count. We include them to the phenomenological model
for out-of-plane rotation of the magnetic field in a similar
way as it was proposed for in-plane field11. A magnetic
field is introduced to the model Hamiltonian using min-
imal coupling p = −i~∇ → pi = −i~∇ + eA. The
magnetic flux density is given by B = Bm so we can
choose the gauge A = (−yBcosθ,−zBsinθ, 0) for the
vector potential A and relate it to the magnetic field
by B = µrµ0H with the vacuum permeability µ0. With
the substitution for the momentum above, the kinetic
energy and Rashba SOC in the single-particle Hamilto-
nian Hˆe are modified as Hˆkin = 1/2pi [1/m(z)]pi and
HˆR = α/~[(piy,−pix, 0) · σˆ]δ(z), respectively. Instead of
numerically solving this problem we want to study the
underlying physical behavior. Our strategy is to again
expand the Andreev reflection probability in powers of
magnetization direction and SOC field. This is still pos-
sible, however, the expansion coefficients and SOC field
are now H-dependent. The field dependent quantities
R
h,(n)
σ,H (eV ) and wH(k‖) are approximated by the previ-
ous independent ones valid up to linear order in H. We
first look at the kinetic energy term. When H = 0, the
Andreev reflection is largest at k‖ = 0 since for finite k‖ a
part of the total kinetic energy of an incoming electron is
in the parallel direction to the interface which effectively
increases the barrier height. When H 6= 0 the maxi-
mum Andreev reflection is shifted to an in-plane wave
vector k‖,0 which fulfills
〈
[kx,0 − eµ0Hy/~ cosθ]2
〉
=
0 and
〈
[ky,0 − eµ0Hz/~ sinθ]2
〉
= 0, performing a
quantum mechanical average 〈...〉. Thus the elec-
trons feel effectively the smallest barrier for k‖,0 =
[b1Hcosθ, b2Hsinθ, 0], where b1 and b2 are constants
that depend on 〈y〉 and 〈y2〉 or 〈z〉 and 〈z2〉, re-
spectively. Thus, we approximate R
h,(n)
σ,H (k‖) ≈
R
h,(n)
σ
(√
(kx − kx,0)2 + (ky − ky,0)2
)
. This shift can be
related to the Lorentz force which sends the charge carri-
ers on helicoids depending on the orientation of magneti-
zation. Higher order H-effects on the Andreev reflection
amplitude are neglected. The spin-orbit field experiences
also a momentum shift wH(k‖) ≈ w(kx − b3Hcosθ, ky −
b4Hsinθ) with the coefficients b3 and b4, respectively de-
pending on 〈y〉 and 〈z〉 because momentum appears lin-
early in the SOC field.
In the presence of an out-of-plane magnetic field, the
Hamiltonian is not anymore translationally invariant in
the y-direction. We assume that we can treat those
terms as small perturbations and compute the conduc-
tance from G(V, θ) = e2A/(2pi)2/h
∑
σ
∫
d2k‖2Rhσ(eV )
by using the expansion of the Andreev reflection proba-
bility in powers of SOC with H-dependent expansion co-
efficients. The SOC independent term is the same upon
integration as when H = 0. Conductance corrections
to the second order term are neglected since they are
quadratic in H. From the first order term, vanishing for
H = 0, we get an additional contribution to the conduc-
tance due to the interplay of SOC and magnetic field
GSOC−H =
e2A
(2pi)2h
∑
σ
∫
d2k‖2R
h,(1)
σ,H (eV )
[
m ·w(k‖)
]
= g1αH(1− cos2θ), (19)
which is linear in H and contains the coefficient g1 =
e2A/(2pi)2/h
∑
σ
∫
d2k′‖2R
h,(1)
σ (k′‖)(b2 − b4) with k′‖ =
k‖ − k‖,0. So orbital effects in the presence of a Rashba
SOC field induce an angular dependence which is of the
same form as the one from the second order SOC term
caused by the interplay of SOC and M without consider-
ing the external magnetic field. The purely orbital con-
tribution to the conductance, which is present for out-of-
plane magnetic field even without SOC, is neglected be-
cause it is of higher order in H. The conductance which
depends also on the H-field is
G(V, θ,H) = G0 + (g1αH + g2α
2)(1− cos2θ)
= G0 +Gα(1− cos2θ). (20)
We next consider a suppression of superconductivity
in V as a type II superconductor, due to vortex forma-
tion with magnetic field. In our thin superconducting
films, the measured critical field for a complete suppres-
sion of superconductivity is anisotropic: Hc,⊥ = 3.5 kOe
(Hc,‖ = 12 kOe) when H is applied perpendicular (par-
allel) to the film. While for values of applied H in the
perpendicular geometry there is already a large suppres-
sion of superconductivity, in the parallel geometry such
a suppression is negligible. We model this behavior by
considering two conduction channels: a superconduct-
ing GS(V, θ) and normal GN (V, θ), where the supercon-
ducting (normal) channel decreases (increases) linearly
in H12. To account for Hc,⊥ < Hc,‖ we include an angu-
lar dependence of G and assume that we can neglect the
appearance of vortices for an in-plane field,
G(V, θ, h) = h |cosθ|GN (V, θ, h)
+ (1− h |cosθ|)GS(V, θ, h), (21)
with h = H/Hc,⊥ and Gj(V, θ, h) = G
j
0 +G
j
α(1− cos 2θ),
where Gjα = A
jh+Bj with j = S,N .
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FIG. 4: Calculated in-plane conductance from extended
BTK model normalized to Sharvin conductance7 GSh =
e2k2FA/(2pih) and in µS. We use the Fermi wave vectors
kF = qF = 0.805 × 108 cm−1 for Fe and V, respectively.
The effective masses are mFe = mV = m0 with m0 the
free electron mass. The spin polarization of Fe is given by
P = (∆xc/2) /µFe = 0.7, where µFe = ~2k2F /(2mFe). The
superconducting gap is ∆ = 1.6 meV. The barrier has a height
V0 = 1.47 eV and width d = 1.7 nm. The strength of Rashba
SOC is α = 53.6 eVA2.
D. Fitting to phenomenological model
From the phenomenological model we obtain the fitting
G(V, θ, h) = h|t| [GN0 + 2(ANh+BN )(1− t2)] (22)
+ (1− h|t|) [GS0 + 2(ASh+BS)(1− t2)] ,
where t = cos θ. From Fig. 3c in the main text we assume
that GN = 2GS at V = 0 and by omitting index S,
Eq. (22) can be simplified as
G(θ, h) = (1 + h|t|) [G0 + 2(Ah+B)(1− t2)] . (23)
We apply the experimental value Hc,⊥ = 3.5 kOe
to fix h and determine G0 from G(θ = 0, h) at h =
0.5 kOe/Hc,⊥ and h = 2 kOe/Hc,⊥ as G0 = 5.92375µS
and G0 = 6.09µS, respectively. We use the average of
both values G0 = 6.0069µS and keep A and B as free
parameters to fit Eq. (23) simultaneously to G(θ, h) data
at h = 0.5 kOe/Hc,⊥ and h = 2 kOe/Hc,⊥ under the con-
straint B > 0 to agree with the experimental observation
G(θ = 90, h = 0) > G(θ = 0, h = 0) at H = 0, as shown
in Fig. 3d in the main text. We get A = 0.283µS and
B = 0.000192µS. The conductance and MAAR from
the phenomenological model with these parameters are
shown in Figs. 3a and b.
E. Calculated conductance in F/I/S junctions
The calculated conductance for the superconducting
and normal state is shown in Fig. 4. Comparing Figs. 4
and 3c in the main text shows that the extended BTK
model can reproduce well the measured magnitude for
the normal and superconducting conductance below and
above the gap. The conductance peaks at the gap are
higher than in the measurement since in the theoretical
model the peaks are insensitive to the potential barrier
and our T = 0 K calculation excludes the thermal smear-
ing of the sharp features in the conductance.
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